In an open channel, a rise in free surface elevation is called a positive surge and may occur in man-made channels as well as natural estuaries. Herein new unsteady velocity profiling measurements were performed in positive surges using a relatively large laboratory facility. An ensemble-averaged technique was applied by repeating 25 times each controlled flow condition. The velocity characteristics, Reynolds stress properties and integral turbulent scales were deduced to characterise the unsteady turbulence induced by the surge propagation. The profiling data indicated that the longitudinal velocity profile within the inner region of the turbulent boundary layer followed the log law before, during and after the surge passage. The integral turbulent time and length scale results indicated that the propagation of a positive surge generated an unsteady and anisotropic turbulence. Dimensionless turbulent time and length scale data yielded L z,z /L z,x $ 1.1-7.3 and T z,z /T z,x $ 1.1-14.4 for all the flow conditions, suggesting vortical structures with longer dimensions in the vertical direction compared to those in the horizontal directions.
Introduction
In an open channel, steady flow conditions may be achieved when the discharge and boundary conditions remain constant for a reasonable period of time. The operation of a regulation device, e.g. a gate, induces some unsteady flow motion in both upstream and downstream directions [9, 31, 12] . Unsteady open channel flows may be analysed using the Saint-Venant equations and the method of characteristics in channels of relatively simple geometry. The Saint-Venant equations describe the variations with time of the water depth d and flow velocity V:
where x is the longitudinal co-ordinate positive downstream, A is the flow cross-section area, B is the free-surface width, g is the gravity acceleration, S o is the bed slope and S f is the friction slope [20, 2] . A rise in water surface elevation is called a positive surge [9, 12] . It may occur in man-made channels [1] while a geophysical application is a tidal bore [32] (Fig. 1) . The leading edge of the surge is characterised by a sudden discontinuity in water depth associated with a major redistribution of the velocity and pressure field [13, 17] . The surge front is defined by its Froude number Fr 1 , whose expression may be derived based upon momentum considerations for an irregular channel cross-section:
where V 1 is the initial flow velocity positive downstream, U is the surge celerity positive upstream, g is the gravity acceleration, and the subscript 1 refers to the initial flow conditions [4] . For a Froude number less than 1.3-1.4, the surge is undular [23, 1] . For Fr 1 > 1.4, the surge has a breaking roller [13, 6] . Herein, new unsteady velocity profiling measurements were performed systematically in positive surges. Using a relatively large laboratory facility, an ensemble-averaged technique was applied by repeating 25 times each controlled flow experiment. The velocity characteristics, Reynolds stress properties and integral turbulent scales were deduced to characterise the unsteady turbulence induced by the surge propagation.
Experimental facility, instrumentation and analyses

Physical facility and instrumentation
The experimental test section was 19 channel slope, previously used by Leng and Chanson [18] . The inflow was supplied by an upstream intake structure equipped with flow calming devices and flow straighteners, leading to the test section through a smooth three-dimensional convergent. The water discharge was measured by a magneto flow meter with an accuracy of 10 À5 m 3 /s, and checked against the brink depth at the downstream end of the flume. The positive surge was generated by rapidly closing a Tainter gate located next to the downstream end of the channel at x = 18.1 m, where x is measured from the upstream end of the channel, and the surge propagated upstream ( Fig. 2A) . A radial gate was located at x = 18.88 m to control the initial water depth.
In steady flows, the water depths were measured using point gauges with an accuracy of 0.001 m. The unsteady water elevations were recorded with a series of acoustic displacement meters Microsonic TM Mic + 35/IU/TC and Microsonic TM Mic + 25/IU/TC spaced along the channel between x = 1.75 m and x = 18.17 m. All acoustic displacement meters were calibrated against point gauge measurements in steady flows and the sensors were sampled at 100 Hz. The velocity measurements were performed with a Nortek TM acoustic Doppler velocimeter (ADV) Vectrino II Profiler (Serial number P27338, Hardware ID VNO 1366). The ADV Profiler had a fixed downward-looking head, equipped with a central emitter and four receivers, capable of recording velocity components simultaneously in 35 cells along a 35 mm profiling range. The velocity range was ±1.0 m/s and the sampling frequency was 100 Hz. The Profiler was located at x = 8.5 m, and the synchronisation between all instruments was within ±1 ms.
Signal processing and analyses
A series of velocity profiling measurements were conducted at different vertical elevations within the initial flow depth d 1 , each profile covering a vertical range of 35 mm, with the upper point located 40 mm below the profiler emitter (Fig. 2B) . In steady flows, the post-processing of ADV Profiler data included the removal of data with average correlation values less than 90% and average signal to noise ratio less than 5 dB. In addition, the phase-space thresholding technique developed by Goring and Nikora [10] was applied to removal spurious points in the data set. In the unsteady flows, the above post-processing technique was not applicable [22, 17, 3] , and raw data was used.
An ensemble-averaged technique was applied: 25 experimental runs were repeated for each set of flow conditions, the number of repeats being determined based upon a sensitivity analysis [19] . The results were ensemble-averaged to obtain the median properties and associated fluctuations. Following Chanson and Docherty [6] , the Reynolds stress components q Â v i Â v j and stress fluctuations were calculated, with v ¼ V À V where V is the instantaneous velocity measurement, v is the instantaneous velocity fluctuation, V is the ensemble-averaged median velocity, and i, j = x, y, or z. Both normal and tangential Reynolds stress components were analysed herein.
The turbulent time and length scales include the Eulerian integral time scale T E , turbulent integral time scale T z,i and turbulent integral length scale L z,i . The Eulerian integral time scale, also called auto-correlation time scale or macro time scale, is defined as:
where R ii is the normalised auto-correlation function of the turbulent velocity fluctuation v i , s is the time lag, and R ii (s) = 0 denotes the first crossing of the autocorrelation function with the x-axis. The Eulerian integral time scale T E,i is a measure of the longest connection in the turbulent behaviour of v i (s) [11, 5] . In Eq. (4), R ii (s) is the normalised auto-correlation function of the i-velocity fluctuations for single point measurements defined as:
with the auto-correlation function being unity for zero time lag and ranging between -1 and 1 for s -0.The turbulent integral time and length scales were calculated based upon the cross-correlation of the instantaneous velocity signals between two points located at different elevations z 1 and z 2 on the vertical profile: 
where R z1z2,i is the cross-correlation function in terms of the velocity component i. The turbulent integral length scale represents a characteristic vertical size of large vortical structure found in the velocity direction i, and it is defined as:
where (R z1z2,i ) max is the peak of the cross-correlation function between the two points z 1 and z 2 , and Dz max is the maximum vertical separation between two points in a profile. The turbulent integral time scale characterises the lifespan of a large vortical motion detected in the velocity direction i and is defined as:
where T z1z2,i is the integral of the cross-correlation function between the time lag associated with the peak correlation and the first intersection of the function with zero.
Initial flow conditions
At x = 8.5 m, experimental data indicated that the initiallysteady flow was partially developed and the dimensionless boundary layer thickness d/d 1 was between 0.3 and 0.5. In the wall region, the vertical distribution of the time-averaged streamwise velocity V x followed a logarithmic velocity law, also called the law of wall for a smooth turbulent boundary layer:
where V ⁄ is the shear velocity:
, j is the von Karman constant (j = 0.4), s o is the boundary shear stress, z is the vertical elevation above the surface of the channel bed, q and l are the fluid density and dynamic viscosity respectively, D 1 is an integration constant equal to 5 [27, 24, 5] . Present longitudinal velocity data are compared to the theoretical log law profile (Eq. (9)) in Fig. 3 . In each case, the shear velocity was estimated from the best fit of the log law and reported in the figure caption. [19] and the log law within the inner region. Overall, the majority of the inner region data followed the theoretical log law curve, except for the first four to five data points, corresponding to locations less than 5 mm from the bed.
In steady flows, the boundary friction s o may be estimated from the best fit of the log law and of longitudinal free-surface profile, and compared to the tangential Reynolds stress q Â v x Â v z in the vicinity of the bed. Indeed, for vertical elevations immediately above the channel bed, the tangential Reynolds stress q Â v x Â v z may be used to approximate the boundary shear stress [21] . The present results yielded boundary shear stress estimates of the same order of magnitude, with V ⁄ 2 /V 1 2 % 0.0025-0.0075 depending upon the flow conditions. Outside of the boundary layer, the theoretical velocity distribution was a straight line: V x = V max . The free-stream velocity V max was checked against the equation of conservation of mass:
assuming a power law velocity profile, where q is the discharge per unit width: q = Q/B, B is the channel width, N is derived from the best fit of power law, d is the boundary layer thickness and d 1 is the initial flow water depth. Eq. (10) compared well to the measured specific discharge within 10% for all flow conditions. The results indicated that the free-stream velocity of the experimental data satisfied the continuity principle.
Unsteady flow experimental conditions
The positive surge was generated by rapidly closing the downstream Tainter gate and the surge propagated upstream. The gate closure time was less than 0.2 s, short enough to have no effect on the surge propagation. For each experiment, all instruments were started 60 s prior to the gate closure, and the sampling ended when the surge front reached the upstream intake structure, to prevent any surge reflection effect.
The ensemble-averaged measurements were performed systematically at x = 8.5 m under controlled flow conditions. The channel slope S o , Tainter gate opening h after the rapid closure, and opening of the downstream radial gate were adjusted to achieve a relatively wide range of Froude numbers (Table 1) . Both breaking and undular surges were experimented. The experimental flow conditions were summarised in Table 1 . Further details on the experiments and experimental procedure were reported in Leng and Chanson [19] .
Flow observations and velocity results
Presentation
Free-surface observations were conducted for a range of flow conditions encompassing both breaking and undular surge flow conditions. For Fr 1 < 1.3, the bore free-surface was smooth and the first wave crest was followed by a train of secondary undulations. For larger Froude numbers (Fr 1 > 1.3), a marked roller was observed associated with large scale turbulence and air bubble entrainment ( Fig. 2A) .
The velocity properties were recorded in both undular and breaking surges ( Table 1 ). The instantaneous longitudinal velocity data showed a rapid deceleration when the water depth increased during the surge passage, for all elevations and Froude numbers (Fig. 4) . Fig. 4 presents some instantaneous data for a breaking surge. With undular bores, the longitudinal velocity oscillated out of phase with the oscillations of the free-surface following the bore passage, as previously reported [16] . At low vertical elevations, some recirculation velocity was observed, associated with negative longitudinal velocity components at the end of the deceleration phase, with both undular and breaking surges. For undular surges, the recirculation velocity was seen for 0 < z/d 1 < 0.2, while some recirculation was observed for 0 < z/d 1 < 0.3-0.5 with breaking bores. The findings were consistent with past laboratory and numerical experiments for similar Froude numbers [13, 17, 28] , as well as field measurements in prototype breaking bores [8] . The instantaneous transverse and vertical velocity components showed large fluctuations associated with the propagation of tidal bores at all elevations for all Froude numbers. The vertical velocity components initially increased with the early free-surface rise, then decreased before the free-surface reached its maximum value before fluctuating around a zero mean value, the phenomenon being more clearly observed at higher vertical elevations. In undular bores, the vertical velocity component oscillated in phase with the oscillation of the free-surface after the passage of the bore.
Ensemble-averaged velocity results
The ensemble-averaged velocity and velocity fluctuations highlighted both the rapid longitudinal deceleration and large fluctua- [19] in blue symbols and theoretical logarithmic law (Eq. (7)) with a solid black line.
tions in all velocity components at all elevations for both breaking and undular bores, except for the vertical elevations that were very close to the bed (z/d 1 < 0.03). Next to the bed, negative longitudinal velocities were observed at the end of the deceleration phase, indicating a transient flow reversal, under both breaking and undular bores. The finding was similar to earlier results [17, 3] . For undular bores, the longitudinal velocity after the bore front passage varied with time in a quasi-periodic manner, with periods of oscillation equal to the free-surface oscillation but out of phase by p. of the data ensemble. For a Gaussian distribution of the data about the mean, (V 75 -V 25 ) would be equal to 1.3 times the standard deviation [30] . The transverse velocity component in breaking surges was zero on the channel centreline in the initially steady flow. With the passage of the surge, the data showed large fluctuations at all vertical elevations. At vertical elevations slightly below the initial freesurface elevation, the transverse velocity decreased to negative values when the free-surface elevation increased with the bore arrival, indicating a transverse recirculation motion towards the left sidewall, before shifting to negative values, and later fluctuating about zero. In undular bores, the transverse velocity components fluctuated with the free-surface oscillations in a quasiperiodic manner, with periods out of phase by p. With breaking surges, the vertical velocity component at vertical elevations close to the free-surface showed an initial increase to positive values with the early rise in free-surface, followed by a decrease before the free-surface reached its maximum. Behind the surge front, the vertical velocity oscillated in a quasi-periodic manner linked to the oscillation of free-surface. The periods of the vertical velocity oscillations seemed to be equal to and out of phase by p/2 compared to observed free-surface oscillations.
The instantaneous velocity fluctuations in the longitudinal, transverse and vertical directions showed an abrupt increase associated with the passage of positive surge at all vertical elevations for all Froude numbers. The magnitudes of velocity fluctuations were the largest at elevations close to the bed. The longitudinal velocity data were typically associated with the largest instantaneous velocity fluctuations, compared to the transverse and vertical components. The maximum velocity fluctuations occurred with some time lag Dt V after the onset of free-surface rise, as previously observed [19] . The maximum velocity fluctuation (V 75 -V 25 ) max was defined as the first marked peak in terms of (V 75 -V 25 ) after the surge arrival. Both the maximum velocity fluctuations (V 75 -V 25 ) max and associated time lag Dt V were quantified for the present data.
The vertical profiles of the median longitudinal velocity within the wall region: i.e., q Â V ⁄ Â z/l > 70 and z/d < 0.2, were tested during the rapid deceleration phase and the early flood tide phase. Herein the early flood tide phase is defined as the phase starting immediately after the end of the rapid deceleration phase (Fig. 3) . Typical data are plotted in Fig. 6 where the data are compared to the log law, for undular and breaking bores (Fr 1 = 1.2 and 2.1 respectively). Fig. 6A presents results for the deceleration phase while Fig. 6B shows early flood tide data immediately after the rapid deceleration. Altogether the data demonstrated that, during the rapid deceleration phase, the majority of the data within the wall region compared well to the log law, although a larger scatter was observed during the breaking bores. During the early flood tide phase, the longitudinal velocity profile for a breaking bore with In the very close vicinity of the bed (z/d 1 < 0.01-0.02), the ensemble-averaged longitudinal velocity data showed first some acceleration with the initial free-surface rise prior to the arrival of the roller, a phenomena associated with breaking bores of Fr 1 < 2 (Fig. 7A ). For bores with Fr 1 > 2, a slight initial longitudinal acceleration was also observed close to bed, however not as significant as bores with lower Froude numbers. This very-short period of initial longitudinal acceleration lasted only for a dimensionless time of less than 3-5, corresponding in real time to less than 0.6 s, before the rapid deceleration phase, during rapid freesurface rise when the bore front passed (Fig. 7A) . This initial longitudinal acceleration was more clearly marked at the second lowest vertical elevation in the velocity profile (z = 0.002 m) compared to at the lowest vertical elevation (z = 0.001 m). Simultaneously, the vertical velocity decreased to negative valued, to maintain conservation of mass and momentum at the locations where an initial longitudinal acceleration was observed (Fig. 7) . The transverse velocity showed some large fluctuation, although no obvious pattern in time-variations was observed. At vertical elevations above z = 0.003 m (z/d 1 > 0.01-0.02), the initial longitudinal acceleration phase disappeared, and the longitudinal velocity data showed an immediate deceleration shortly after the onset of free-surface rise.
This was accompanied by marked positive vertical velocity components, consistent with previous data.
The initial longitudinal acceleration in the bed vicinity was observed in breaking bores as well as in undular bores. Previous numerical models reported small transient vortical structures formed under the gradual free-surface rise immediately before the roller toe in breaking bores, and under the point where the free-surface turned to rise in undular bores [28, 14] . The observed longitudinal acceleration and vertical deceleration were believed to be associated with the presence of these vortical structures.
Reynolds stresses and integral turbulent scales
Turbulent Reynolds stresses
The ensemble-averaged Reynolds stress data highlighted large shear stress magnitudes and large shear stress fluctuations at all elevations associated with the bore passage, for all flow conditions. The time-variations of the ensemble-median Reynolds stress components and corresponding shear stress fluctuations were comparable to previous results, albeit obtained with a different (Table 1) , all Reynolds stress components showed a marked increase in magnitudes and in fluctuations at all vertical elevations during and following the bore passage (see below). Maximum stress magnitudes were reached typically at the same time as the maximum stress fluctuations were observed: that is, shortly after the arrival of the bore front. The measurements highlighted maximum Reynolds stresses and stress fluctuations occurring shortly after the arrival of the surge front, for all Reynolds stress components at all vertical elevations throughout the initial water column (0 < z/d 1 < 1), for Froude numbers ranging from 1.2 to 2.2. The time lag DT between the arrival time of the bore front and the occurrence of the maximum shear stress magnitudes (or shear stress fluctuations) were documented [19] . Overall, breaking bores with higher Froude numbers were associated with larger maximum Reynolds stresses and shear stress fluctuations at similar dimensionless elevations, compared to undular bores and breaking bores with lower Froude numbers. For bores with the same Froude number, larger maximum shear stresses and shear stress fluctuations were observed at higher vertical elevations, possibly linked to the large scale vortical structures generated in the wake of the bore front, next to the freesurface. The normal stress components were typically associated with more pronounced peaks in terms of median shear stress and shear stress fluctuations, compared to the tangential stress components. The tangential stress component v x Â v z showed negative maxima irrelevant of the Froude numbers. In terms of time lag, DT and Dt V respectively, the maximum shear stress magnitudes and the maximum stress fluctuations occurred simultaneously, within ±0.1 s.
Focusing on the ensemble-averaged normal Reynolds stress component s xx , the data presented a most distinctive maximum (s xx ) max during the positive surge passage (Fig. 8 Top Left). The vertical distributions of maximum ensemble-median stresses s xx,max and associated time lags DT xx are shown in Fig. 9 in a dimensional form for all flow conditions. Overall, the data highlighted high median stress levels, ranging from 10 to 110 Pa, throughout the lower water column (Fig. 9) . The maximum median stresses during 
Discussion
The instantaneous Reynolds stress data were analysed in terms of the probability density functions (PDFs) of normal and tangen- tial stresses over a short time period (within 3 s) before, during and after the bore passage. Fig. 10 illustrates a typical result for the normal stress component q Â v x Â v x . Overall, the results showed comparable trends before, during and after the surge passage: e.g., for q Â v x Â v x , instantaneous levels up to 100-200 Pa, although very few larger stress occurrences were recorded (Fig. 10) . The data demonstrated marked peaks associated with very similar stress levels ($10-50 Pa) before, during and after the surge passage, albeit a lesser amount of very large shear stresses (>200 Pa) were recorded during the early flood tide after the rapid flow deceleration.
Turbulent integral scales
The auto-correlation functions of all velocity components were calculated at each sampling point for three flow phases: (a) the initially steady flow before surge arrival, (b) the rapidly-varied flow region during the surge passage or deceleration phase, and (c) the unsteady flow region after the front passage or early flood tide (Fig. 4) . between graphs. For all velocity components and flow conditions, the auto-correlation functions exhibited a bell shape, regardless of the flow phase and elevation. The early flood tide phase was associated with the longest period of positive auto-correlation, while the rapid deceleration phase was characterised by relatively large negative correlations for a time lag s greater than 0.1 s.
The Eulerian integral time scale T E was deduced from the integration of auto-correlation functions. Fig. 12 presents typical vertical profiles of Eulerian integral time scale for the longitudinal velocity direction during the three flow phases. While the shape might not be truly meaningful, the data provided some order of magnitude and range of auto-correlation time scales. For all velocity components and flow conditions, the Eulerian time scales ranged from 10 À2 s to 3 Â 10 À1 s, corresponding to a dimensionless range of T E Â (g/d 1 ) 1/2 between 10 À2 and 3. In the initially steady flow, the Eulerian time scales were comparable to previous laboratory studies [29, 8] . The present results are reported in Appendix A.
For all velocity components, the auto-correlation time scales were consistently larger after the positive surge, during the early flood tide, inclusive of the deceleration phase and early flood tide in the present study. The present results were consistent with a couple of field studies (Appendix A). The data further showed no clear trend in terms of relative vertical elevation and Froude number. The auto-correlation time scales in the longitudinal velocity direction were generally larger than those of the other velocity components, with T E,y /T E,x $ 0.3-0.8 and T E,z /T E,x $ 0.7-1.5. The finding implied that the turbulence was anisotropic, in agreement with previous laboratory and field studies. Fig. 4 shows the definition of the three phases. For the initially steady flow, the analysis was performed for the first 60 s of the data sets. The rapid deceleration phase was taken from the start of the free-surface rise, corresponding to the first instance when the first derivative of the water depth became non-zero, to the instance of the minimum streamwise velocity reached at the end of the longitudinal deceleration. All velocity data were analysed within this duration typically ranging from 0.5 s to 2 s. The analysis in the early flood tide was performed for 10 s, immediately following the end of the deceleration phase. The methodology was applied consistently to all flow conditions. The ensemble-averaged correlation functions in the steady flow region for all flow conditions exhibited similar shapes and orders of magnitudes as those analysed using the instantaneous velocity data, although the absolute values of maximum crosscorrelations were typically lower than those derived from instantaneous fluctuation data. Typical ensemble-averaged crosscorrelation functions of the longitudinal velocity during the rapidly-varied and unsteady flow regions for bores of two Froude numbers are presented respectively in Fig. 13A and B. The results highlighted differences in terms of shapes of the crosscorrelation functions. During the deceleration phase (Fig. 13A) , all cross-correlation functions showed a quasi-symmetrical shape, with two local minima on each side of the marked maximum.
The absolute values of the local minima were less than that of the maximum for all Froude numbers and elevations. The absolute maximum correlation occurred at positive time lags during the initially steady and deceleration phases, and these time lags increased with increasing distance from the reference point (Fig. 13A, Inset) . The trend suggested the formation of and occurrence of large vortical structures at higher vertical elevations. During the early flood tide, however, the time lags became negative for breaking bores (Fr 1 = 1.6), indicating that large vortical structures were formed next to the channel bed and advected upwards. For breaking bores with higher Froude number (Fr 1 = 2.1), the time lags were almost zero, hinting that large vortical structures, possibly exceeding the length of the profile, were formed and detected almost simultaneously by all sampling points along a profile. In undular bore (Fr 1 = 1.2), the cross-correlation functions during the early flood tide showed a quasi-symmetrical shape, with periodic variations for the positive and negative time lags (Fig. 13B) . The time lags corresponding to the maximum cross-correlations for undular bore were positive throughout the three flow phases.
The turbulent integral time and length scales are summarised in a tabular form in Appendix B for the longitudinal, transverse and vertical velocity components for all flow conditions during different flow phases. The results are compared to a previous laboratory study [29] . Overall the data highlighted that the propagation of positive surge in an open channel was an anisotropic process, with the turbulent time and length scales being much larger with the longitudinal and vertical velocity components, than in the transverse component. That is, the present data implied L z,y /L z,x $ 0.1-0.9 and T z,y /T z,x $ 0.1-0.6 (Appendix B). A majority of turbulent time and length scales in the vertical velocity direction were larger than those in the longitudinal velocity direction, with L z,z /L z,x $ 1.1-7.3 and T z,z /T z,x $ 1.1-14.4, for all the flow conditions. Physically, the data would suggest that the vertical size and lifespan of vortical structures were larger in the vertical direction compared to those in the horizontal directions. Visual observations in breaking bores highlighted indeed large helicoidal bubbly structures, elongated mostly along the vertical direction, which occurred both in the roller and the bubbly flow regions immediately behind the roller (Fig. 14) . The experimental results could be representations of such vortical structures. Note however that earlier observations of neutrallybuoyant particle trajectories suggested flatter structures in undular surges [7] . Immediately after the surge passage, the early flood tide phase was associated with large turbulent time and length scales, compared to the initially steady flow and deceleration phases. The integral turbulent time scales were an order of magnitude larger than those during the steady flow and rapid deceleration phases in the lower water column, regardless of velocity components and initial flow conditions, albeit the Integral turbulent time and length scales seemed to decrease with increasing vertical elevations.
The present study may be compared with a past laboratory data [29] (Appendix B). In terms of quantitative results, both the turbulent integral time and length scales were of the order of magnitude, albeit larger herein. Possibly because the present experiments were performed in a much larger facility with higher Reynolds numbers. Note that previous data were collected by point measurements using two ADVs, separated at 6 transverse separation intervals, with 5 experiments repeated for each separation [29] . Herein the study was performed in the vertical direction by sampling simultaneous 35 points, each two adjacent points separated at 1 mm, and repeated 25 times. The present spatial resolution was much finer, and the correlations between velocity signals were expected to be higher, as all points were sampled at the same time.
Conclusion
Unsteady velocity profiling measurements were conducted in positive surges at relatively high frequency (100 Hz). Both undular and breaking surges were investigated with Froude numbers ranging from 1.2 to 2.1. An ensemble-averaged measurement technique was used: all experiments were repeated 25 times.
The profiling data indicated that the longitudinal velocity profile within the inner region of the turbulent boundary layer followed the log law before, during and after the surge passage. 
